I am facing the assignment to write an "expert opinion" on design and qualitative reasoning with considerable trepidation. I have been engaged in research on qualitative reasoning for some time now, but I am not an expert on design. Having been schooled in mathematics and computer science, about the only things I have ever designed are mathematical proofs and computer programs. As far as I can recall, the only physical artifact I have ever built that required serious premeditation worth calling "design" was the little digital circuit I constructed for the hardware portion of the Ph. D. qualifying exam.
Engineers are not the only professional designers. Everyone designs who devises courses of action aimed at changing existing situations into preferred ones. The intellectual activity that produces material artifacts is no different fundamentally from the one that prescribes remedies for a sick patient or the one that devises a new sales plan for a company or a social welfare policy for a state. Design, so construed, is the core of all professional training; is the principal mark that distinguishes the professions from the sciences. [Simon 1981] Design, so broadly construed, and covering all things artificial, seems to cover most of intelligent behavior. However, Simon makes a distinction between the science of design and natural sciences, whose focus is "to teach about natural things: how they are and how they work." Thus distinguished from studies of natural things, design has a definitely human and subjective flavor, at least more explicitly so than natural sciences. At the core of any design, there are values, desires, preferences, and so on of the designer or the people the artifact is intended to serve. This also makes design a crucial subject of study in AI, as I believe, the ultimate aim of artificial intelligence as a discipline is not so much in realizing a mechanized intelligence but in understudying our own intelligence.
Qualitative reasoning is an area of AI that is concerned with reasoning qualitatively about various phenomena. I mean here by reasoning qualitatively reasoning without precise quantitative information of the state of the world or the laws governing its behavior. People perform day-to-day activities very well without precise numerical information.
They can even make interesting predictions from only qualitative information about situations they have never seen. For example, knowing that the larger the masses the larger the gravitational pull is between two bodies, we can conclude that we would weigh much less on moon than we do on earth even without knowing the exact form of the governing equation. Research in qualitative reasoning has been mostly concerned with reasoning about physical phenomena but the principles apply to non-physical domains as well. In fact, qualitative reasoning techniques were investigated in econometrics even before the field of AI existed as such [Samuelson 1947] . The need for methods to reason qualitatively without precise numbers is more obvious in such non-physical disciplines because problems there often lack precise quantitative information.
Even in physical domains, qualitative reasoning capabilities are essential for design. At an early stage of a design process, one puts together a rough outline of a design, including the types of technologies employed, main functional components, and their relations. Decisions made at this stage are crucial as they have profound impact on the quality of the final design as well as on all the later stages of design and manufacturing. Since mistakes made in a conceptual design is extremely expensive to correct at a later stage, one would like to do careful analysis and evaluation of the conceptual design. However, traditional quantitative techniques for analyzing a design cannot be employed at this stage since little quantitative information about the design is available. Thus, techniques for reasoning with imprecise, qualitative information are essential for evaluating a design at this stage.
Because of lack of precise quantitative information, qualitative analysis almost always results in an ambiguous result, containing all logically possible outcomes of the given qualitative information. Such ambiguities are serious disadvantage for the purpose of prediction. However, one can take advantage of this ambiguity in a design process. At the early stage of design, one would like to keep the design specification abstract in order not to exclude prematurely viable design alternatives. Qualitative representation provides a way to accurately capture imprecise, abstract design. Qualitaitve analysis techniques also enables one to systematically explore implications of such imprecise designs. Such exploration could alert the designer about a potential problem that may not be obvious from the abstract design. It can also suggest ways to avoid such danger in the form of additional constraints on the design parameters, which can guide further refinement of the design.
The importance of qualitative reasoning in design goes beyond the conceptual design stage. Today's engineering design process relies heavily on use of sophisticated computational tools to numerically analyze and evaluate design. However, in order to check and make sense of their results, one must have qualitative understanding of the problem and the physical principles governing the relevant phenomena. Without such understanding, the great quantity of numerical results would be of no use. Some educators in the engineering disciplines are concerned that today's engineering carricula place great emphasis on teaching about sophisticated computational techniques for analysis and not enough on developing qualitative, intuitive understanding of the underlying phenomena. They fear that graduates of such curricula are adept at using computerized analysis tools but may even fail to recognize the limitations of such tools because they lack enough intuitive understanding of the phenomena the tools are meant to analyze. A well known researcher in structural engineering, Sir Ove Arup, bemoans this trend in the foreword written in 1984 to the first edition of [Brohn 1984] , saying "the increasing use of computers has to a great extent killed this (intuitive and qualitative) understanding (of the behavior of structure under load) which is so essential for rescuing the art of structural design."
Capturing such qualitative understanding and developing techniques to reason with them are at the heart of qualitative reasoning research. Concerns about over-reliance on quantitative techniques in analysis of design may be well justified. However, there is no reason that computers cannot possess qualitative understanding that is essential in making sense of numbers. Moreover, computers can be useful in teaching such qualitative understanding to students. This is why education is regarded as one of the most important areas of practical application for qualitative reasoning. One example of educational application, a system called CyclePad [Forbus and Whalley 1994] developed by Ken Forbus of Northwestern University, teaches analysis and design of thermal cycles. An important characteristic of CyclePad that distinguishes the system from earlier programs for analysis of thermal cycles, is its ability to teach qualitative understanding of the relevant thermodynamic processes that underlie the necessary equations as well as understanding of the modeling assumptions they make.
I believe that there is yet another, a much more profound sense in which qualitative reasoning is essential to design. As I mentioned earlier, a characteristic that distinguishes design from natural sciences is subjectivity. Again, Sir Ove Arup writes about structural design:
The whole purpose of structural design is to help us to make the things we need, or fancy we need, or just fancy. So, we must make it very clear to ourselves what we want to achieve with our design, which will obviously affect its shape, the materials we use and all kinds of other things. If we want to build something is this the right place for it, could our purpose be better achieved in a different way altogether? Only when we have sorted out all these matters to our and our client's satisfaction will a structural analysis become relevant. [Brohn 1984] In other words, in the heart of any design problem are one's desires and goals. Surrounding any design problem are the reality of the physical world we live in, the ways we perceive the reality, and the entire confusing tangled net of social, political ethical and aesthetic values, all of which contributes to shaping of desires and in the context of which the final design is evaluated. If we have any hope of endowing computers with real intelligence, sufficient to appreciate (let alone evaluate) the complexity of a design problem in its entirety, we have to start tackling the problem of representing knowledge of this larger context. Even though there is no universal standard of social, political, ethical, and aesthetic standard of values, it seems safe to assume that there is a substantial part of the knowledge about the world that is shared among people. Moreover, it may be argued that it is impossible to separate even knowledge of the world from those of values. However, to some extent, it seems quite plausible that there is some stable core of knowledge of the world that most people can agree upon and accept despite differences in moral, political, and religious beliefs. We might call it "commonsense" knowledge. It is what Lenat calls "consensus reality" [Lenat and Guha 1990] , knowledge and reasoning available to the overwhelming majority of people in our culture past early childhood [Davis 1990 ].
An essential part of commonsense knowledge is knowledge of the physical world we live in. It is the desire to capture such commonsense reality of the physical world that initially started research in qualitative reasoning. It is why this research area is also known as "naive physics". Hayes, in his work on naive physics, tried to formalize our "naive" way of thinking about everyday physical entities such as liquid [Hayes 1985 ]. We think of water in many different ways. For example, water in a vase molds itself to the shape, however complex, of its container. The ways we identify and reason about contained water is inseparable from that of the container. If we pour some of the water in a vase into a glass, we now have two distinct body of water identified by the containers. In contrast to stationary body of water as in a vase, water in a river is never the "same" body of water from one second to another. However, in many situations, we tend to think of it as the "same" body of water. And, so on about almost every common object in the daily life.
The ways we think of the everyday physical phenomena around us is much richer and more complex than the ways we are taught to think about them in our chemistry and physics classes. Yet, we are hardly conscious of the complexity. Also, as soon as we learn the more formal --simplistic and idealized --ways to model water in chemistry and physics classes, we tend to deceive ourselves into thinking that that's the way we always think about water. Hayes' influential work pointed to this gap and initiated the efforts to capture the richness and flexibility in our everyday model of the physical world.
In recent years, the thrust of research in qualitative reasoning has shifted away from commonsense physics into more engineering applications. Though I am happy to report that qualitative reasoning techniques are and have been applied to non-trivial engineering problems with considerable practical benefits, I still believe that, in the long run, the most significant contributions of qualitative reasoning to the study of man will come from the study of commonsense reasoning of the physical reality.
Simon closes his chapter on design with the following passage:
The proper study of mankind has been said to be man. But I have argued that man --or at least the intellective component of man --may be relatively simple, that most of the complexity of his behavior may be drawn from man's environment, from man's search for good designs. If I have made my case, then we can conclude that, in large part, the proper study of mankind is the science of design, not only as the professional component of a technical education but as a core discipline for every liberally educated person. [Simon 1981] If I may add my two cents worth, capturing the richness of the world in its full "naive complexity" perceived by man is the promise of qualitative reasoning to the science of design we are striving to fulfill.
